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CollagenWe investigated the cellular adhesive features ofmesenchymal stem cells (MSC) on non-coated and collagen coat-
ed patterned and vertically aligned carbon nanotube (CNT) structuresmimicking the natural extra cellular matrix
(ECM). Patterning was achieved using the elasto-capillary induced by water treatment on the CNT arrays. After
confirmation with specificmarkers both at transcript and protein levels, MSCs from different passages were seed-
ed on either collagen coated or non-coated patterned CNTs. Adhesion and growth of MSCs on the patterned CNT
arrays were examined using scanning electron microscopy image analysis and 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-tetrazolium bromide (MTT) assays. The highest MSC count was observed on the non-coated pat-
terned CNTs at passage zero, while decreasing numbers of MSCs were found at the later passages. Similarly,
MTT assay results also revealed a decrease in the viability of the MSCs for the later passages. Overall, the cell
count and viability experiments indicated thatMSCswere able to better attach to non-coatedpatterned CNTs com-
pared to those coated with collagen. Therefore, the patterned CNT surfaces can be potentially used as a scaffold
mimicking the ECM environment for MSC growth which presents an alternative approach to MSC-based trans-
plantation therapy applications.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Stem cell research has gained tremendous pace in the last four de-
cades and awealth of information on their physiology has been gathered
since then. Mesenchymal stem cells (MSCs), which are also called as
bone marrow stromal cells, are a subset of adult progenitor cells and
have the ability to differentiate into adipocytes, chondrocytes, osteo-
cytes, and cardiomyocytes [1]. They are characterized by their morpho-
logical features and the expression of a number of cell surface marker
genes. In recent years, owing to their multiple-lineage potentials and
immune-privileged properties, MSCs have become a feasible and poten-
tial source for the cell-based therapy and tissue engineering applications
due to their proliferative and differentiation capabilities [2]. Moreover,
these cells do not induce immune reaction in the host which allows
their usage in allogeneic transplantation [2].
A key issue in MSC based tissue engineering is to control the growth
and differentiation of cells. Extracellular matrix (ECM) plays a crucial
role in proliferation and differentiation of MSCs. In recent years, by
using different scaffold proteins the transplantation of differentiatedBiology and Genetics, Bilkent
418; fax: +90 312 2665097.
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rights reserved.MSCs into damaged tissue such as bone and chondrocytes was accom-
plished [3]. However, use of natural ECM extracted from animal tissues
as scaffold is limited by the dimension, form of the original tissue and
the potential pathogen risk [4]. Therefore, there has been a tremendous
demand to develop better materials and scaffolds which can closely
mimic the surrounding native tissue in the last decade [5]. Surface prop-
erties of scaffolds were given a high priority due to the potential of de-
veloping new environments capable of stimulating the adhesion and
proliferation of cells. Recently, numerous studies reported on the effects
of topographical patterns on cell viability [6,7]. In this regard, patterning
of scaffold surfaces at a nanometer scale is considered as a promising
tool [8,9]. It is reported that gene expressions of fibroblast cells were
found to be enhanced on relatively rougher surfaces [10]. Nevertheless,
conflicting reports in the literature for the relationship between cell ad-
hesion and surface topography do exist such as those reported by
Kunzler et al. [11] and Gentile and co-workers [12].
Carbon nanotubes (CNT) have been proposed for many potential ap-
plication areas due to their chemical stability, good electrical conductiv-
ity andmechanical strength. In recent years, CNTs have been also studied
in biotechnology as a supportmaterial for cell growth in tissue engineer-
ing and bio-sensors [13,14]. However, there are extensive studies on the
biocompatibility and cytotoxicity of CNTs. While cytotoxicity of CNTs
[15,16] was not a direct consideration in this work, it is worth mention-
ing that evidence for cytotoxicity of CNTs has not been reported for cases
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were used [17,18]. There are also similar reports on the cytotoxicity of
CNTs on stem cells. Zhu et al. demonstrated that powdered multi-
walled carbonnanotubes (MWCNT) inducedDNAdamage inmouse em-
bryonic stem cells [19]. On the other hand, Lobo et al. [20] and Giannona
et al. [21] have shown the adhesion and growth of fibroblasts on CNT ar-
rays without any toxic effects if they are firmly attached to a substrate.
Furthermore, CNTs have also been reported as a suitable scaffoldmateri-
al for the growth of cells due to their superb electrical conductivity and
chemical stability [22]. Finally, patterned surfaces made by CNTs were
found to be guiding the growth of MSCs and neural cells [23,24].
The fundamental criterion for growth and differentiation of stem
cells on ECM surfaces is their adhesion. Cell adhesion sets off the cell
growth, survival and migration. The common media used for cell
growth consists of protein fibers such as collagen and elastin which
are roughly 10 to 300 nm in diameter. In biotechnology, MWCNTs can
be considered as an alternative for collagen fibers due to their similar
sizes [13]. The present study focuses on the growth and viability of
MSCs on patterned CNT arrays. The cell counts and viability experi-
ments show that MSCs preferred non-collagen coated CNT surfaces
which can have a significant impact in the design and preparation of ad-
vanced CNT-based scaffolds.
2. Materials
2.1. Synthesis and patterning of CNT arrays
The vertically aligned CNT arrays were grown by the alcohol cata-
lyzed chemical vapor deposition (ACCVD) method on oxidized Si (100)
surfaces. The catalyst layers were applied on the oxidized Si surface be-
fore the synthesis of CNTs. First, 10 nm layer of Al was evaporated on
Si surface as the diffusion barrier, and then thiswas followed by the elec-
tron beam evaporation of 1 nm Co layer. Finally, Co catalyst layer was
capped by another 0.5 nm thick Al layer. Si substrates with the afore-
mentioned layers were introduced into the ACCVD furnace for the
growth of CNT arrays through reduction and reaction steps. The reduc-
tion step was conducted at 625 °C for 15 min under flowing H2 and Ar
gases (20 sccm and 100 sccm, respectively). Then, the growth of CNT
array was achieved through the reaction step in where ethanol was
used as a carbon source under flowing H2 and Ar gases (20 sccm and
100 sccm, respectively) for 30 min. Patterning was induced to the verti-
cally aligned CNT arrays by using a dropper filled with deionized water.
Following this step, some of the patterned CNT arrays were treated with
1 μg/μl sterilized collagen solution for every cm2 (approximately 10:1
weight ratio of collagen to CNT) resulting in two separate groups of pat-
terned CNT arrays: one non-coated and the other collagen coated. It has
been shown in an earlier study that, a collagen/MWCNT composite scaf-
fold was used for bone cells, and researchers observed improved cell at-
tachment [13].
2.2. Isolation and culture of MSCs
MSCs were obtained from male 9-week old, 280–300 g Sprague–
Dawley rats. The animals were permitted unlimited access to food
andwater at all times andwere housed under controlled environmen-
tal conditions (22 °C) with a 12 h light and 12 h dark cycle in the an-
imal holding facility of the Department of Molecular Biology and
Genetics at the Bilkent University. This study protocol complied with
Bilkent University's guidelines on humane care and use of laboratory
animals. Bone marrow heterogeneous cell population was collected
from the femur and tibia by flushing with a 5 ml syringe containing
10% fetal bovine serum (Hyclone) in Dulbecco's modified Eagle medi-
um (Invitrogen) after the rats were sacrificed by cervical dislocation.
The cells were cultured in plastic culture dishes with Mesencult
Media (StemCell Technology) with 20% supplement (StemCell Technol-
ogy) and 1% penicillin–streptomycin solution (Hyclone) in a 5% CO2incubator at 37 °C. Twenty-four hours after plating, media of the tissue
culture plates were changed and the non-adherent cells were removed.
Thereafter, their media were changed every 4 days, after washing with
sterile 1× phosphate buffered saline (PBS) prior to the change. At the
14th day, 3 × 105 cells were seeded on CNT surfaces and stated as
passage zero (P0) group.WhenMSCs became confluent, theywere pas-
saged for the second and third time and then they were seeded on pat-
terned CNT surfaces. In the rest of the manuscript, these were stated as
the first passage (P1) and the second passage (P2) groups, respectively.
3. Methods
3.1. Characterization of CNT arrays
Synthesized CNT arrays were displayed by scanning electron micro-
scope (SEM; Carl Zeiss Evo 40) using variable vacuummode around 40
kPa (under water vapor) and transmission electron microscope (TEM;
JEOL 2100 F) using holey-carbon film supported grids. Raman analysis
was carried out using a Jobin Yvonmicroscopewith an Ar ion excitation
laser (λ; 532 nm). A 50× microscope objective was used to focus the
laser beam and to collect the scattered light. Atomic force microscope
(AFM; Nanomagnetics) was utilized for the characterization of surfaces.
The surface roughness of vertically aligned CNT arrays was calculated
using 10 μm × 10 μm AFM image taken in the tapping mode.
3.2. Total RNA isolation and reverse transcription
MSCs were trypsinized and the total cellular RNA was isolated from
the precipitate using the RNeasy Mini kit (Qiagen) according to the
manufacturer's protocol with additional DNase treatment. The cDNAs
were synthesized from the total RNA samples with the DyNAmo cDNA
synthesis kit (Finnzymes) according to the manufacturer's protocol.
3.3. RT-PCR
cDNA amplification for CD90, CD71, CD45, CD34, CD29 and β-actin
were performed using DyNAzyme II (Finnzymes). The primers and
product sizes were listed in Table 1. The initial denaturation step was
at 95 °C for 5 min, followed by 30 (for CD90 and CD34), 35 (for CD
71), 26 (for CD29 and CD45) and 25 (for β-actin) cycles of denaturation
for 30 s for all genes at 94 °C, annealing for 30 s at 55 °C (for CD90,
CD34), 60 s at 66 °C (for CD71), 45 s at 60 °C (for β-actin) and 30 s at
60 °C (for CD29 and CD45), followed by extension for 30 s (for CD90,
CD34, DC29, CD45), 40 s (for β-actin) and 45 s (for CD71) at 72 °C. A
final extension at 72 °C for 5 min was applied to all the reactions.
3.4. Protein isolation and quantification
MSCs were scraped from the cell culture plates in 1× PBS and the
precipitate was treated for 30 min on ice with a lysis buffer containing
0.05 M Tris–HCl, 1× protease inhibitor, 0.25 M sodium chloride and
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4 °C for 20 min. Protein concentrations of supernatants were deter-
mined with Bradford protein assay as described [25].
3.5. Western blotting
The proteins were separated on 8% SDS–PAGE and transferred to a
polyvinylidene fluoride membrane. The membrane was blocked with
blocking solution for 1 h at room temperature and was incubated at
4 °C for 16 h in antibody solution at a concentration of 1:250 for CD29,
1:500 for CD34, and 1:1000 for β-actin. Then horseradish peroxidase-
linked secondary antibodies were applied for 1 h in blocking solution.
Finally, Super Signal West FemtoMaximum Sensitivity Substrate (Ther-
mo Scientific) was applied to the membrane for 5 min and placed in an
X-ray film cassette and developed. The anti-CD29 antibody was pur-
chased from Chemicon, and the anti-CD34 and actin antibodies were
purchased from Santa Cruz.Fig. 1. (a) Side view SEM image of vertically aligned CNT arrays. Inset shows TEM image of the C
around 40 nm. Inset shows the top view SEM image of the vertically aligned CNT arrays. (c) Ra
with the inset showing a high magnification image of the collapsed CNT arrays (arrow heads:
(e) 45° tilted SEM image of the collagen coated patterned CNT surface with the inset showing3.6. Cell proliferation assay
The viability of MSCs in the presence and absence of collagen was
examined by cell proliferation assay (3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-tetrazolium bromide- MTT) using Cell Proliferation Kit I
(Roche). A total of 104 numbers of MSCs were seeded onto patterned
CNTs inside 96-well culture plates in the presence and absence of colla-
gen and the assay was performed according to the manufacturer's pro-
tocol. Spectrophotometrical absorbance of the samples was measured
by ELISA reader with the wavelength between 550 and 600 nm.3.7. Statistical analysis
All data were expressed as mean ± standard deviation (SD) and
the results were analyzed with ANOVA. Multiple comparisons of con-
trol to other groups were performed using Fisher's test (Minitab 15NTs. (b) Two-dimensional AFM image obtained from the top surface showing a roughness
man spectra of the aligned CNT arrays. (d) 45° tilted SEM image of patterned CNT surfaces
collapsed and laid CNTs, arrows: CNTs that were shrunk to form the razor-sharp peaks).
the smoothing/leveling effect of collagen coating (dotted lines).
3057V.C. Bitirim et al. / Materials Science and Engineering C 33 (2013) 3054–3060Statistical Software). On all statistical tests, p b 0.05 was regarded as
significant difference.4. Results and discussion
4.1. Experimental design and characterization of CNT arrays
We used SEM, TEM, Raman spectroscopy and AFM to characterize
the vertically aligned CNT arrays (Fig. 1). Our SEM images of the verti-
cally aligned CNT arrays on a Si (100) surface showed that CNTs were
approximately 10 μm in height (Fig. 1a). We also confirmed that CNTs
were multi-walled with an average diameter of 10 nm by using TEM
(Fig. 1a, inset). In order to investigate the top surface roughness of the
vertically aligned CNT array, we used AFM (Fig. 1b). Two-dimensional
10 μm × 10 μm AFM image showed that the root-mean-square rough-
ness value for the surfaces was around 40 nm. The smoothness of the
CNT array top surface was also confirmed by using SEM (Fig. 1b,
inset). Finally, by using Raman spectroscopy, the presence of CNTs
was verified (Fig. 1c). The D (1344 cm−1) and G (1582 cm−1) bands
were corresponding to disorder and in plane vibration of carbon
atoms, respectively. In addition, absence of radial breathing mode
bands indicated that these were multi-walled variety.
Our experimental designwas summarized in Fig. 2. First, the vertical-
ly aligned CNT arrays were synthesized by the ACCVD method (Fig. 2,
step A). Then deionized water was applied on these surfaces with a
dropper to create cavities in the patterning step (Fig. 2, step B). CNT ar-
rays were either treated with or without collagen (Fig. 2, step C′ and C;
respectively) and MSCs from rat bonemarrowwere seeded (Fig. 2, step
D and D′).
Presence of the asperities on the surface is critical for the preparation
of a suitable scaffold for anchoring of the cells. Hence, we undertook the
patterning step on the vertically aligned CNT arrays synthesized by
ACCVD method in order to create a suitable so-called nest for the cells
(Fig. 2, step A). To accomplish this task, we applied deionized water
on the vertically aligned CNT arrays with a dropper and left for air dry-
ing (Fig. 2, step B). Due to capillary forces exerted bywater, the vertical-
ly aligned CNT arrays patterned with the collapse of CNTs in equiaxed
cavities/pockets, as shown in Fig. 1d. Similarly, self-assembled pattern-
ing of CNT arrays were also reported by another group [26]. The main
mechanism of this formation is thought to be related to the hydropho-
bic properties and elasto-capillary effect of aligned CNTs. The size of
the CNT cavities on the surface was around 10 μm wide (Fig. 1d). Fur-
thermore, patterned CNT arrays were either treated with or withoutFig. 2. Schematic representationcollagen (step C′ and C in Fig. 2, respectively). Fig. 1d, 1e and related in-
sets show the non-coated cavities and collagen coated cavities in a com-
parative manner. Finally, MSCs from rat bone marrow were seeded on
the patterned non-coated and collagen coated CNT arrays (Fig. 2, step
D and D′).
4.2. Characterization of MSCs
After the isolation from rat bone marrow, we characterized the
MSCs both at mRNA and protein levels for P0, P1 and P2 groups
(Fig. 3). Consistent with previous observations by us and others
[27,28], our results showed that MSCs were positive for the expres-
sion of MSCmarkers (CD90, CD71 and CD29) but negative for hemato-
poietic stem cell markers (CD45 and CD34) for all passages as
expected at the transcript level (Fig. 3a). We further confirmed that
these MSCs were positive for CD29 and negative for CD34 by Western
blot analysis at the protein level (Fig. 3b).
4.3. Seeding MSCs on the patterned CNT arrays
A total of 3 × 105 numbers of MSCs were seeded on the non-
coated and collagen coated patterned CNT surfaces. After 3 days,
SEM analysis was performed (Fig. 4). Attached MSCs, which were
from P0, were observed both in collagen coated (Fig. 4a) and
non-coated (Fig. 4b) patterned CNT surfaces. In addition, numbers of at-
tached MSCs on coated and non-coated patterned CNT surfaces were
counted in the SEM images for three subsequent passages and average
areal density was calculated dividing this number to the total surface
area (Fig. 4c). Our plot revealed that the number of theMSCs decreased
through the passage of the cells. The decrease was statistically signifi-
cant when the number of the cells was compared between P0 and P1
and P2 (Fig. 4c). Thus, these data suggest that very early passages of
MSCs should be used for seeding purposes. The number of the cells
both on coated and non-coated patterned CNTs continued to decrease
at P2 compared to P1 but we did not observe a statistical significance
between them. Interestingly, the number of the MSCs was significantly
higherwhen theywere cultured on non-coated compared to that of col-
lagen coated CNT arrays at P0 but not at P1 and P2 (Fig. 4).
Recent literature on collagen/CNT composites prepared and ana-
lyzed for use in scaffold applications reveals observations that beg
further investigation. First of all, the goal for the development of
such composite structures is not only to improve the poor mechanical
properties of collagen, but also to add further functionality to theof experimental approach.
Fig. 3. The expression of the markers for bone marrow derived MSCs and hematopoietic
stem cells at (a) mRNA and (b) protein levels.
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conductive collagen/MWCNT composite structures and investigated
the effect of CNT loading and applied electrical stimuli on the cell vi-
ability of PC12 [29]. Their findings indicated that the metabolic activ-
ity of these cells decreased asymptotically by the CNT amount
reaching a plateau at around 50% (wt.) CNT loading. However, there
was no mention of a root cause for this observation. In contrast, our
results shown in Figs. 4c and 5 clearly indicated that the number of
MSCs for P0 was noticeably larger for the collagen coated patterned
CNT surfaces compared to non-collagen coated ones. Concurrently,
other studies also reported the improvement in the viability and the
proliferation of different type of cells with the addition of CNT to
the matrix which was ascribed to better attachment of the cells to
the CNTs [30,31]. Hirata et al. showed that mouse osteoblast cells
(MC3T3-E1) attached to a three-dimensional collagen sponge coated
with MWCNTs exhibited higher DNA content than the uncoated colla-
gen sponge [30]. In addition, MacDonald and co-workers showed an
increase in the number of viable smooth muscle cells by increasing
the mass ratio of CNT in collagen matrix [31]. One possible explana-
tion for the MSCs preference of non-coated patterned CNT arrays
could be related to the mechanical properties of ECM which wasknown to have a significant impact on the attachment of stem cells
[32,33]. Collagen by itself has poor mechanical properties limiting
its widespread usage in bioengineering [34]. On the other hand,
MWCNT is one of the strongest materials known with a modulus of
elasticity and tensile strength surpassing those of the strongest car-
bon fibers [35].
As mentioned before, cell attachment to the ECM is also affected
by surface topography [6,7,11]. We speculated that the collagen infil-
trated to the CNT array was acting as a smoothing agent filling the
gaps between the CNTs, thereby limiting the availability of the an-
choring points for attachment of MSCs. When collagen was dropped
on the patterned CNT surface, the gaps between the collapsed CNTs
were filled by collagen and we called this as ‘smoothing’. The SEM im-
ages provided in Fig. 1d and e, display the comparison of the as-is and
collagen infiltrated CNT array surfaces where the gaps between CNTs
were coated by collagen. Hence, regarding these images, roughness
for as-is surfaces was different than collagen coated ones. Another
important aspect of the study presented in this work is the use of
dense (>109/cm2) vertically aligned CNT arrays. Such alignment of
the CNTs not only provided a homogenous surface minimizing local
variations in the mechanical properties, but at the same time
presented numerous anchoring points to the cells. Besides, in this
study the vertically aligned CNT arrays were firmly attached to the
substrate beneath limiting the possible cytotoxic effects [20,21].
Toxicity of CNTs has been a controversial issue. There are reports
claiming toxic effect of CNTs [17,18], whereas many reports with op-
posite views exist [20,21]. It has been shown that proliferation and
differentiation of rat bone marrow derived MSCs were inhibited by
MWCNTs [36]. Therefore, it was critical to test whether our modified
and patterned CNT arrays would have any deleterious effect on the
cell viability or not (Figs. 4 and 5). In addition we have examined
the effect of MWCNTs on different passages. For this purpose, we
performed MTT assay to measure their viability on both non-coated
and collagen coated patterned CNT arrays in different passages
(Fig. 5). Our results showed that MSCs from early passages (P0) had
not only the highest capacity of viability both on non-coated and col-
lagen coated patterned CNT surfaces, but also had capacity higher
than the control groups. Also, the increase of cell number for P0 on
the non-coated patterned CNT surface (P0-CNT) compared to control
was statistically significant. It is important to note that the reading of
control group on MTT assay was obtained from cells on 96-well cul-
ture plates without CNT arrays. Previously, it was shown that less
than 40% cell viability at the MTT results suggested that the tested
material is toxic [37] and should be further investigated with other
methods. Our data in Fig. 5 clearly showed that MSC viability is
more than that of control at P0 and approximately 70% to that of con-
trol group at P1 and 50% to that of control group at P2. Therefore, we
can state that there is no cytotoxic effect of both coated and
non-coated CNTs on the MSCs at P0 as well as in other passages.
Thus, our data revealed that either non-coated or collagen coated pat-
terned CNT arrays are providing a suitable environment for cells from
early passages to survive and keep their differentiation potential. This
should be remembered when scaffolds composed of CNTs are to be
used for seeding cells. This may have important regenerative medi-
cine applications. Our data also demonstrated the negative effect of
CNTs on the number and metabolic activity of MSCs on later passages.
MSCs in later passages (P1 and P2) indicating lesser counts (Fig. 4c)
and viability (Fig. 5) on collagen coated or non-coated patterned
CNTs than in early passage (P0) can be explained by the aging of
MSCs [27,38,39]. Gruber et al. have shown that the mean percent se-
nescence increased significantly with cell passaging [38] and high
passage numbers adversely affected the functioning of stem cells [39].
While our results showed improved cell attachment and viability
of MSCs on non-coated patterned CNT arrays, the need of a rigid sur-
face such as Si for the growth of CNTs is a significant limiting factor for
technological applications. The natural next step in such a study
Fig. 4. SEM images afterMSCs were seeded and cultured for 3 days on the (a) non-coated patterned CNT arrays and (b) collagen coated patterned CNT arrays. Insets show themagnified
SEM images of the cells. (c) Average area density of MSCs on non-coated and collagen coated patterned CNT arrays at different passages. ANOVA was significant at p b 0.001. Multiple
comparisons of control to other groups were performed using Fisher's test (Minitab 15 Statistical Software). * indicates significant p b 0.05.
Fig. 5. MTT assay graphs showing the percent viability of MSCs on the non-coated pat-
terned CNT arrays (empty bars) and collagen coated patterned CNT arrays (solid bars)
at different passages. Dotted blue lines indicate the comparison of viability percentage
on the non-coated CNT surfaces. Solid lines show the comparison of viability percentage
on the collagen coated CNT surfaces. ANOVA was significant at p = 0.041 and p b 0.001
for non-coated and collagen coatedCNT arrays, respectively.Multiple comparisons of con-
trol to other groups were performed using Fisher's test (Minitab 15 Statistical Software).
* indicates significant p b 0.05.
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gradable matrix manufactured from chitosan, polylactic acid, etc. [40].
In this concern, our studies regarding the transfer of aligned CNT ar-
rays to a polymer matrix are ongoing.
5. Conclusion
We investigated MSC viability on bare and collagen-coated pat-
terned CNT arrays. First, our results revealed that MSCs attached to
both non-coated and collagen coated patterned CNT arrays better
than on bare 96-well culture plates for the early passage (P0). More-
over, we did not encounter evidence for the toxicity of CNTs. Howev-
er, cell numbers and viability decreased significantly on both coated
and non-coated patterned CNT surfaces for later passages (P1 and
P2). Furthermore, we found that collagen coating of CNTs had an im-
pact on the adhesion of MSCs. This may suggest that MSC adhesion
could be influenced by topography of the surface. Overall, this study
demonstrated that patterned CNT arrays can serve as a permissive
scaffold for MSC growth and adhesion. CNTs are not biodegradable
and as such that they can be used as scaffolds where long-term sub-
strates are needed for tissue engineering such as in regeneration
after spinal cord or brain injury.
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